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Protoplasmic reorganization involving a dedifferentiation to a  stage 
of lesser  structural  complexity followed by  a  redifferentiation to  a 
highly complex structure is a fundamental procedure which protozoa 
tend to follow at times of fission, conjugation, regeneration, and cyst- 
ment  1.  The normal reproductive cycle of the small ciliate Colpoda 
duodenaria  ~ exhibits this procedure rather markedly.  In this organ- 
ism the  free  sw~mruing  growth period is  invariably  followed by  a 
resorption of cilia and other cytoplasmic structures along with the 
formation of a cyst within which fission is completed.  Division never 
occurs  without  this  dedifferentiation  and  cystment.  By  certain 
changes in the environment (Barker and Taylor,  1931)  the normal 
free swimming growth period may be arrested as illustrated in Fig. 1 
and the protozoan induced to form a  resting cyst in which division 
may or may not occur.  Resting cysts differ from division cysts in 
that the redifferentiation, excystment process, does not occur unless 
certain constituents not found in a  simple physiologically balanced 
salt solution are present in the surrounding medium.  This ciliate is 
thus an excellent experimental organism since both its dedifferentia- 
tion and its redlfferentiation may be induced by control of environ- 
mental conditions.  3 
* This investigation was supported in part through a  grant from The Rocke- 
feller Foundation to Stanford University for research in chemophysical biology. 
The authors are indebted to Mr. A. G. R. Strickland for preparation of the bio- 
logical material and to Dr. C. B. van Niel and Dr. A. W. Arnold of the Hopkins 
Marine Station for criticism of the manuscript. 
x For a review of this phenomenon see an earlier paper (Taylor, 1935). 
For a study of the morphology and taxonomy of this protozoan see Taylor and 
Furgason (1937). 
3 The specific compounds inducing excystment are not yet known though they 
are present in many complex organic extracts such as hay infusion, yeast autol- 
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Preliminary  to  some  experiments  carried  out  on  the  effects of 
changes in  the  radiation  environment on  the  cystment process of 
Colpoda (Taylor, Brown, and Strickland, 1936), a brief study (unpub- 
lished) was made of the influence on induced excystment of tempera- 
ture, concentration of hydrogen ions, and concentration of the excyst- 
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Fie. 1.  Reorga~tion cycles in Celpoda duodenaria and approximate  duration 
of some stages  under standardized  conditions  (temperature,  20°C.;  salts,  Oster- 
hour's balanced physiological medium,  0.012 per cent total concentration; food, 
adequate suspension of Pse~o~mma~  fluoresce~; and excystment medium,  ! per 
cent Difco yeast extract). 
ment  solution.  The  influence  of  two  of  these  factors,  namely, 
temperature and  concentration of the excystment compounds, was 
ysate, and beef extract.  See Barker and Taylor (1933) and Thimann and Barker 
(1934) for studies  seeking to ascertain  the nature of these  excystment inducing 
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also studied by Thimann and Barker (1934)  as a  preliminary to their 
investigation  of  the  plant  hormone  auxin  as  a  possible  excystment 
inducing  substance.  The  influence  of  extreme  temperatures  and  a 
number  of  chemical  reagents  on  Colpoda  cysts has  been  studied  by 
Taylor  and  Strickland  (1936),  Bodine  (1923),  Goodey  (1913);  and 
others.*  However,  it  was  deemed  advisable  to  investigate  more 
thoroughly these environmental factors affecting the cystment process 
in  an  attempt  to  gain  a  fuller  understanding  of this  profound  reor- 
ganization. 
Materials and Methods 
Preparations of the resting cysts of a pure strain of Cdpoda  duadenaria aligned 
in grooves on Cellophane have been made as described in recent papers (Taylor and 
Strickland, 1935; Taylor, Brown, and Stricldand, 1936) with some improvements, 
principally in  the  selection of organisms of a  more uniform intercystmeut age 
before induction  of the  encystment.  In the preparation used  in  this  series  of 
experiments a few of the organisms (about 3 per cent) divide once before comple- 
tion of excystment; but  no  difference  in  excystment time between  those  that 
divide and those that do not divide has thus far been detected. 
The cyst-Cellophane preparation is cut in strips which are hung in continuously 
flowing balanced medium (Osterhout's, 0.012 per cent total salt) at 20°C.  Under 
these conditions the same preparation yields uniform results for a period of many 
months.  For immediate experimentation, small pieces containing approximately 
150 Colpoda  cysts are cut from the strips and placed in 0.5 cc. of balanced medium 
in a covered Columbia dish,  which is then transferred to a second constant tem- 
perature room.  In all cases at least 2 hours have been allowed for the preparation 
to come to temperature equilibrium and then the inorganic salt medium replaced 
by the  excystment inducing medium.  Readings of the  number of unexcysted 
organisms are then taken regularly during the period over which organisms are 
emerging from their cysts. 
The excystment inducing medium used throughout these experiments has been 
a  solution  of  Difco bacto-yeast extract  (Ref.  No.  283,399) in  physiologically 
balanced salt solution (0.012 per cent total salt).  Especially purified salts and 
triple distilled water have been used in making up this solution. 
Since traces of many organic materials affect the excystment process, care has 
been further taken to avoid contamination.  All glassware has been placed in a 
concentrated sulfuric-nitric acid mixture and then thoroughly rinsed before each 
experiment.  Precise control of temperature is  quite essential and precautions, 
such as maintenance of a  high relative humidity (above 85 per cent)  to avoid 
4 See  Taylor and  Strickland  (1936) and  Bodine  (1923) for  reviews  of  the 
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lowering of temperature by evaporation, have been taken.  All  manipulations 
have been carried out in special constant temperature rooms which are maintained 
constant to within a few tenths of a degree Centigrade. 
The distribution of fractional excystment as a  function of the loga- 
rithm of the  excystment time is found  to  be  normal.  5  In practice, 
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FIG. 2.  A set of experimental data on the time for excystment of Colpoda duo- 
dcnaria at 20°C.  [y.e.], concentration of yeast extract; N, number of organisms in 
test; time zero when excystment medium placed on cysts. 
time has been measured in minutes,  excystment in per cent,  and the 
values  of  the  mean  log  excystment  time  and  standard  deviation 
determined  graphically  from  a  plot  of  fractional  excystment  on  a 
5 If Nt be the number of excysted organisms at any time t, N  the total number 
of organisms in the test, and log t,~ be the mean log excystment time, then for N 
large the fractional excystment is 
N=  1  flog  ¢  1  ¢  _  =--.-~=  log2 ~ 
N  ~--~z  J-=  J  e  =0"=  ='= d  log t M.  G.  BROWN  AND  C.  V.  TAYLOR  479 
probability scale  6 as a function of time on a logarithmic scale.  With 
these scales the experimental data fall neatly on straight lines whose 
slope  is  proportional  to  the  reciprocal  of  the  standard  deviation. 
Hence  the  excystment  in  any  one  experimental  test  is  completely 
described by the values of mean log excystment time, log t,ffi, and the 
standard  deviation, ¢.  A  sample set of experimental data is plotted 
as  Fig.  2  to  illustrate  the  sort  of  dispersion  usually  found.  Even 
though  curves be  anomalous  with  regard  to  others  of the  set,  the 
points  still  fall  in  straight  lines  so  that  there  is  little  difficulty in 
determining the values of log t,, and ~r. 
EXPE]~  X~NTAL 
In this investigation something of the nature of the reorganization 
(excystment)  reactions has been determined  from extensive data on 
the influence on excystment time of two environmental  factors; viz., 
temperature and concentration of the yeast extract of the excystment 
medium.  These are factors which alter the rate of the reactions yet 
do not apparently change their nature though varied over wide ranges. 
The temperature range has been from 8°C. to 32°C. and the concen- 
tration  range from 0.08 gm./qiter to 22.4 gm./liter.  Concentrations 
beyond these Jimlts have been tested, mostly at 20°C., but found to 
result  in  only  partial  excystment  in  many  instances. ~  The  mean 
excystment times,  t,~,  vary in the ranges  studied from less than  80 
minutes to more than 10,000 minutes. 
The experimental data are summarized in Table I.  The values for 
log t,, and ~  are averages considering each test of equal significance 
regardless  of  the  number  of organisms  in  that  test.  In  each  test, 
measurements  have  been  estimated  to  a  hundredth  of  an  inch  on 
graphs of excystment on a probability scale as a function of time on a 
logarithmic scale.  Since the logarithmic scale used is 10 inches/cycle, 
6 E.g., Codex Book Co., Inc., Norwood, Massachusetts, Number 3128. 
The lower limit for 100 per cent excystment of a little less than 0.1 gm./liter 
checks closely with the limit for dry weight concentration of hay extract to induce 
100 per cent excystment found by Thimann and Barker (1934).  Their tests were 
made at 20-23°C., and the tests with yeast extract mostly at 20°C.  They further 
showed that this limit depends only on the concentration and not on the total 
amount of extract present so that volume of medium used in these experiments, 
even at lowest concentrations, is not a critical factor. 480  KINETICS  OF  EXCYSTMENT 
TABLE  I 
A Summary of Experimental Data 
0,  temperature,  degrees  Centigrade;  [y.e.],  concentration  of  yeast  extract, 
gm./liter;  log  t,,,  mean  log  excystment  time  with  t  measured  in  minutes;  ,~, 
standard deviation of log excystment times for individual organisms, dimension- 
less; N, number of organisms; and n, number of tests. 
a  [y.e.]  log t,z  #  N 
10  1.92  0.042  448 
2  1.97  0.051  338 
0.4  2.10  0.068  580 
0.08  2.28  0.079  57 
10  1.91  0.027  235 
2  1.95  0.049  390 
0.4  2.10  0.060  291 
10  1.92  0.028  376 
2  2.01  0.044  496 
0.4  2.16  0.062  617 
0.08  2.34  --  130 
10  2.02  0.032  279 
2  2.14  0.047  189 
0.4  2.38  0.080  368 
10  2.15  0.028  2304 
4.67  2.18  0.026  665 
2  2.21  0.035  2315 
0.934  2.29  0.035  579 
0.4  2.38  0.056  2141 
16 
4 
16 
4 
15 
0.187  2.52  0.079  642  4 
0.08  2.68  0.120  1096  7 
I0  2.26  0.036  892  6 
4.67  2.31  0.033  288  2 
2  2.29  0.050  907  6 
0.934  2.32  0.055  261  2 
0.4  2.40  0.054  867  6 
0.187  2.52  0.127  69  1 
0.08  2.61  0.116  315  2 
10  2.40  0.033  1127  7 
4.67  2.41  0.1945  214  2 
2  2.43  0.044  1080  7 
0.934  2.47  0.055  352  2 
0.4  2.55  0.075  989  7 
0  [y.e.]  log t,:  cr  N 
15  0.187  2.66  0.106  348  2 
0.08  2.86  0.132  268  2 
13½  10  2.56  0.036  652  5 
4.67  2.54  0.035  188  I 
2  2.62  0.037]  556  5 
0.934  2.70  0.051  253  2 
0.4  2.82  0.062  563  5 
0.187  3.04  --  126  1 
12  10  2.72  0.055  681  4 
4.67  2.65  0.056  363  2 
2  2.77  0.053  669  4 
0.934  2.90  0.061  261  2 
0.4  2.97  0.075  481  4 
0.187  3.21  0.075  172  1 
11  I0  2.84  0.052  964  6 
4.67  2.86  0.088  303  2 
2  2.95  0.080  920  6 
0.934  3.04  0.091  292  2 
0.4  3.22  0.083  826  6 
0.187  3.46  0.078  221  1 
10  10  2.98  0.068  599  4 
4.67  3.07  0.083  249  2 
2  3.16  0.085  566  4 
0.934  3.34  0.149  370  2 
0.4  3.60  0.169  584  4 
9  10  3.23  0.078  643  4 
4.67  3.29  0.094  352  3 
2  3.47  0.077  684  4 
0.934  3.62  0.142  322  2 
8  10  3.49  0.120  440  3 
4.67  3.64  0.151  551  3 
2  4.07  0.294  427  3 M.  G.  BROWN  AND  C.  V.  TAYLOR  481 
each  1/100  inch  represents  a  change  of one unit  in the third  figure 
following the decimal point.  This last figure,  however, is not truly 
significant  since  the  standard  deviation  of log  excystment  times  of 
individual organisms  from the mean is of the order of 0.05  and the 
number  of organisms  150  so that  the mean would have  a  standard 
deviation of the order of 0.004  (equivalent to about  1 per cent on a 
time scale) if all conditions were the same in each test.  That condi- 
tions have not been exactly the  same in  each test is  shown by the 
observed  deviations  of  the  means;  for  the  tests  at  20°C.  and  10 
gm./liter  the  value  of s  (root  mean  square  deviation)  is  0.027;  for 
15°C.  and  10 gm./liter,  0.029;  for 20°C.  and  2  gm./liter,  0.036;  for 
15°C.  and 2 gm./liter,  0.040; for 20°C.  and 0.4 gm./liter,  0.066;  and 
for 15°C. and 0.4 gm./liter, 0.043.  Thus the dispersion of conditions 
of experimentation cuts the accuracy inherent in the preparation by a 
factor  of about ten.  With  this  standard  deviation  of the  order of 
0.04,  the  probable  error  for log to,  from  any  set  of tests would be 
approximated by 0.03/n  (equivalent to about 7/n per cent on a  time 
scale) where n  is the number of tests. 
Influence of Concentration of Excystment Medium on Excystment Process 
The process of excystment in this analysis is considered to depend 
on  a  set  of  chemical  reactions;  the  first  of  the  set  requiring  some 
constituent  from the medium  used to induce the  excystment.  The 
time required for the complete process is then  some function of the 
times required for the separate reactions of the set.  The excystment 
period has been broken up into intervals depending on the nature of 
the change occurring during that interval. 
The  first splitting  of the excystment period is into  two intervals, 
one dependent on the concentration  of the excystment medium and 
the other independent of its concentration.  These two intervals have 
not been measured directly, s but computed from the measurements of 
the  time  for completion of the  excystment process as a  function  of 
s Some unpublished  experiments by Mr.  A.  G. R.  Strickland  indicate  that 
direct evaluation of this first interval may be made by experiments in which the 
cysts are washed free of the excystment medium after a limited time in it.  Mr. 
Stricld,nd  found that if this washing is early in the excystment period, no excyst- 
ment takes place, whereas if late in the excystment period, all organisms complete 
the excystment process. 482  KINETICS  OF  EXC¥STMENT 
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FI6. 3.  Excystment time for Colpod~ d~wd~aria as a  function of reciprocal 
yeast extract  concentration. 
25 
the concentration of the yeast extract used to induce the excystment. 
If the time for the interval dependent on [y.e.] be t~, then it is found M.  G.  BROWN AND  C.  V.  TAYLOR  483 
that  all  isothermal  experimental data  are  well fitted by  setting 
inversely  proportional  to  [y.e.].  The  complete  excystment  time, 
t,,, would then be the sum of t~ =  B/[y.e.]  and a constant, C =  t,, -  h. 
It is seen from this relation, 
B 
t.,  :  ~  +  c  (1) 
that plots of excystment time, t,,,  as  a  function of reciprocal [y.e.] 
should  be  straight  lines  whose  intercept with  the  time  axis  is  the 
interval independent of [y.e.],  i  e.  the constant C; and whose slope is 
the interval dependent on [y.e.] for unit concentration; i  e.,  the con- 
TABLE  II 
A  Summary of Derived Data 
O,  temperature,  degrees  Centigrade;  C,  excystment period  independent of 
concentration of excystment inducing medium, minutes; B, excystment period 
dependent  on  concentration  of  excystment  medium  for  unit  concentration, 
minutes; subscripts a and b, reference to different methods of analysis. 
e  C4  Cb 
32  81.6  82.0 
29  79.2  79.6 
26  80.0  77.5 
23  97.4  96.0 
20  137.5  137.5 
17  180.4  180.5 
15  246  246 
13½ 
12 
11 
10 
9 
8 
C~  C~ 
348  344 
500  500 
639  650 
838  820 
1375  1200 
1500  1700 
e  Ba 
32  21.2 
29  19.2 
26  39.3 
23  78.7 
20  52.0 
17  28.7 
15  45.6 
Bz, 
19.0 
18.6 
42.2 
75.9 
55.0 
30.2 
40.7 
e  B6 
13½  i42 
12  214 
11  428 
10  1,287 
9  3,050 
8  18,100 
Bb 
211 
38~ 
1,25~ 
3,31( 
13,50( 
st~ut B.  The points for each temperature have been plotted, straight 
lines  drawn through them,  and  the values of C  and B  determined 
from the time intercept and slope.  Since the experimental concen- 
trations  were  taken  at  equal  intervals  on  a  logarithmic  scale,  the 
points are very unequally spaced on a  reciprocal scale and the data 
for the two lowest concentrations have been omitted from the graphs 
of Fig.  3  in  order that  the more accurately determined points  for 
higher concentrations be not excessively crowded.  The values of C 
and B determined in this way are entered in Table II as C, and B,. 
The values of C  and B  have also been  determined independently 
from the same experimental data by a second method.  Equation (1) 484  KINETICS  O~ EXCYSTM-ENT 
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FzG. 4.  Logarithm of the first excystment periods as a  function of logarithm of 
yeast extract  concentration. 
may be rewritten as (t,,  -  C)[3.e.]  =  B  from which it follows that log 
(t,,  -  C)  +  log [3.e.]  =  log B; and it is seen that since  6  =  l,,  -  C, M.  G.  BROWN  AND  C.  V.  TAYLOR  485 
plots of log h as a function of log [y.e.] are straight lines whose slopes 
are -  1.  For each set of isothermal data values of C have been deter- 
mined so that the points fall as closely as possible on straight lines 
with slope -  1 when log h is plotted against log [y.e.].  These graphs 
include the experimental points for the lower concentrations and are 
shown in Fig. 4 and the values of C and B taken from them entered as 
C~ and B~ in Table II.  In the subsequent analysis the average values 
from these two determinations have been used, though the values are 
so close that no marked difference would be noted if either one alone 
had been taken. 
The relation between excystment time and yeast extract concentra- 
tion, equation (1), which fits the isothermal experimental data rather 
well, is a  relation that may be derived from simple assumptions con- 
cerning the nature and mechanism of the excystment process.  One 
need only consider this process to depend on a  compound, Y1, of the 
yeast extract diffusing into the encysted organism and there reacting 
with  a  substance,  P1,  of  the  protoplasm  according to  the  general 
equation 
YI +  PlY,  -~-- Y1P1  kl> P2 +  ....  (2) 
where Y1Px is a complex which reorganizes to form the compound/'2 
which is essential to excystment. 
Let the  concentration of  Y1  outside  of the organism be  °[Y~]  = 
a~[y.e.]  and  at  the  place  of action with  /'i  inside  the  organism be 
~[Y~], then the rate of change of ~[Y~] would depend on two rates, that 
of diffusion and that of formation of the complex YIP~.  This second 
rate is equal to -  d[P~]/d$  so that the kinetic equation for this dep,  ~ 
ence would be 
d'[Yd  =  D~(o[y~] _  '[r~l) + d[P~_..._]  (S 
dr  dS 
where D~ is the diffusion coefficient  9 for Yx.  Nowif the association of 
Y~ and P: to form the complex is rapid compared to either the diffusion 
9  The constant is perhaps more complicated since there is a set of membranes 
about  the cyst  so that more correctly, it should be multiplied by factors for 
membrane structure, partition  coefficients,  etc.,~ee Ostethout's papers (Oster- 
hout, 1932-33).  For this analysis, however, this simple form of Fick's law suffices. 486  KINETICS  OF  EXCYSTMENT 
or the transformation of the complex, there would be an equilibrium 
at all times between Y1, PI, and Y~Px; i.e., 
[Yd[Pd 
=  K  (4) 
[YIPI] 
The kinetic equation for the transformation would be 
a*[P,] = kdYiPd  (5) 
d~ 
in which *[P2] represents the concentration of P~ that would exist if 
P~ were not consumed by other reactions; the actual concentration of 
P, can have no effect on the reaction since it is considered irreversible. 
Since for every molecule of P~ that enters into reaction, a molecule 
of Y~P1 or P, is formed, we may write the equation 
[P,] +  [Y~P1] +  *[P+I ffi [P1]0  (6) 
where [P1]0 is  a  constant assumed to be the concentration of PI in 
the resting cyst. 
From equations 3, 4, and 6 it follows that 
and from equations 4, 5, and 6 that 
d*[P,] ffi h~[Yd([Pdo -  *[P~])  (S)  ~t  ,[Y,] +  K 
The solution of equations (7) and (8) is most easily made in limiting 
cases. 
Case/.--Diffusion  is limiting factor in rate of formation of/2.  In 
this case ~[Y1] =  0 and d~[Y1]/dt  =  0 for as soon as Y1 enters the site 
of reaction it is combined with P1 and goes to form P~.  Thus equation 
(7)  reduces to  d'[P~]/dt  ~-DI°[Y1]  which may be  immediately inte- 
grated to 
*[P~]  -~  D~ [  YI] t  =  Dial [y.e.] t  (9)  1° 
lo It is not so much the absolute value of ~[Y1] that must remain small during 
the  period  in which  diffusion is a  controlling factor  in order  that  d*[P~]/dt  = 
Dlax[y.e.]t but that ¢[Y1]/o[Y1]  <  <  1.  Since the range of concentrations tested is 
very extensive, even though this ratio is not small for the lowest concentration, it 
is surely so for the majority of them. M.  G.  BROWN  AND  C. V.  TAYLOR  487 
and the time t~ for production of the requisite amount of Pz will be 
inversely proportional to [y.e.]. 
Case//.--Reaction time is limiting factor in rate of formation of Pt. 
In this case, except for a negligible time close to t  =  0, ~[Yd -- °IV1] -- 
a  [y.e.] and equation (8) becomes 
d*[P,]  ktott [y.*.] 
--  =  ([t'1]o  -  *[P,])  (1o)  dt  K1 +  =~[:y.e.I 
which integrates to 
kl= lt~.6.1'~ 
*[Pt]  =  [Pd0  1  --  •  =a+tt...l}  (11) 
Now if aj[y.e.] <  <  Kz  n  and  the exponent as a  whole is  small,  the 
expression reduces to 
*[ed =  [e~lo  ~  L~.,.]t  (12) 
and again we have the time t, inversely proportional to [y.e.]. 
Case  III.--Diffusion  time  and  reaction  time of  the  same  order. 
The  analytical expressions for this  case have  not been determined 
directly but approximated by taking the time for *[Pt] to reach *[Pt]t 
to be the sum of the time for diffusion and the time for reaction as 
found in cases I  and II; i.e., 
*[_v,h (  1  K,) 
The range of temperatures over which both  are of the  same order 
happens to be small compared with the total temperature range so 
that we are not dependent on this case for a  very wide temperature 
range. 
In this analysis we have started with a simple reaction, equation (2), 
and though it gives the proper relation between t~ and [y.e.], equation 
(13), it is too simple, for it was shown by Thimann and Barker (1934) 
that an excystment medium (hay extract) could be separated into two 
fractions  each  containing  an  essential  excystment compound,  one 
with a high distribution coefficient between water and ether and the 
n Barker and Taylor (1933) estimate the excystment compound need only be 
present in concentrations of the order of one part in ten to a hundred million parts 
of solution in order to bring about complete excystment. 488  KINETICS  OF  EXCYSTkfENT 
other  with  a  low  coefficient.  Thus  the  reactions  may  be  of  the 
general form 
Y1PI  +  Y~ 
Y* +  P* +  Y2 ~  Yz +  PIYz.  -~- YIPIY~ " ka> p~ +  ....  (14) 
'~Y*Y2  +  PI ~'~ 
For this case the equilibrium equations are 
[p,]qyd  ,  ~[  ~"T1]  i[ VII  # 
~[YdIPI______]  =  K,  --  =  K  I  --  =  K  I 
[Y, Pa]  [P1 Yd  '[Y, Yd 
(15a-f) 
qYa][Pl Y~]  ,  qY* Y~][P1]  , 
[Y*PI]qY,]  =  K2  --  =  K2  K2 
[YIP1 Y2]  [Y,P, Y,]  [Y1P1 Ys] 
which may be combined to give 
g[Y1l[Pa]  ~[Y2] 
=  KIK2  =  K,K2  =  KaK~  (15g) 
[  YxPx Y2] 
The  equation  for  the  transformation  then  becomes 
d*[Pd 
--  =  k, IY~Pa Y2]  (16) 
dt 
and, since P, now is converted into Y,P1 and YsPI, equation (6) must 
be modified to 
[ed +  [Y,P~] +  [PIY,]  +  [Y1PJY2] +  *[Pd =  [Pal*  (17) 
From these equations we obtain 
d*[P,]  ka[Yl][r,](IP~],  -  *IP,]) 
dt  =  KxK2 q- K~[Y,] q- K~[Y~] q- [Y1Y,]  (18) 
The complete diffusion equation has not been written, but in the 
case  in  which  diffusion  of  Y1  is  a  limiting  factor  and  D1  <  <  Ds, 
where Ds is the diffusion coefficient for Y,, we get the same equation as 
before; i.e., d'[Ps]/dt  =  D,°[YI] or "[Ps] =  D~a,[y.e.]t. 
In the case of reaction rate a limiting factor, equation (18) may be 
solved to give 
[P,]o/l~  --  -  ~xala2[u.'.] ~t  'k[/D2]  e  IrlK~+(X'"I+K~  "2) ['V'e']+'~l'~t~'s']~)  (19) 
and  for inverse relation  between ts and  [y.e.] it is required that Ks 
>> K~ with K~<< 1.  Thus in place of equation 13 we have the equation 
= ~  kE +  k,~,le~]o  /  (20) M.  G.  BROWN  AND  C. V.  TAYLOR  489 
The  deviations  toward  too  short  an excystment time for  low concen- 
trations  that may be noted in  Figs.  3 and 4 can now be explained  by 
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FIG. 5.  The change in excystment time with age of cyst-Cellophane preparation 
during the 1st month; all tests at 20°C. 
~[Y1]0~O in the resting cyst.  This could not be true in the case of 
one active component in the extract since this component would react 490  KINETICS  OF  EXCYSTMENT 
to form P,, but with two components required to form the complex, 
this  condition  could well exist.  Further  evidence that  the  concen- 
tration  of the  slowly diffusing  substance  in  the  resting  cyst is  not 
always negligible  may be inferred  from  the  increase  in  exeystment 
time,  especially with  dilute  extract,  found  during  the  first week or 
two  after  making  the  cyst-Cellophane  preparation  (Fig.  5).  This 
phenomenon  finds  a  ready explanation  if  the  slowly diffusing com- 
pound were gradually  washed  out during  this  period.  Due  to  this 
increasing  excystment  time,  tests made during  the  first 20 days,  all 
at either 20°C. or 17°C., have not entered into the averages of Table I. 
All  observations made  after  20  days and  before  136  days, however, 
have been averaged, none omitted. 
Influence of Temperature on Excystment Processes 
In the preceding section it was shown that the period of excystment 
dependent on  [y.e. ] might be expected to follow the relation of equa- 
tion (20) in which all symbols are constants except t, and  [y.e. ] if the 
temperature  is constant.  Now if the temperature  is a  variable,  the 
diffusion coefficient, D1,  would be expected to  change in  accordance 
with the Stokes-Einstein relation that D  =  RT/67rNrtr  .2 where T  is the 
absolute temperature,  ~ the viscosity coefficient, R  the gas constant, 
N  Avogadro's  number,  and  r  the  radius  of the  diffusing  molecule. 
The velocity constant, kl, would be expected to change in accordance 
with the Arrhenius equation, k  =  A  exp  -  I~/RT and the equilibrium 
constants according to the van't I-Ioff reaction isoehore equation that 
K  =  G exp  -  AH/RT,  where/~ is a  constant, the heat of activation, 
AH the heat energy change per mole, and A and G constants. 1'  Hence, 
12 For a  derivation  of this relation see, for example, Taylor  (1931, p.  1026). 
In this derivation the diffusing molecule is assumed large compared to the solution 
molecules.  In a recent analysis, Eyring (1936) develops an equation for diffusion 
of molecules of the same order of size as the solvent molecules.  His equation has 
the same dependence on  T and ~ but has different constants for the coefficients 
characteristic of the diffusing substance and medium. 
x3 The nature of A in terms of thermodynamic quantities  has recently  been 
investigated  by a  number of authors  (Eyring,  1935; Evans  and Polanyi,  1935; 
Rodebush,  1936; Rice and Gershinowitz, 1935; and others).  It is shown that A 
is not constant with T, but the errors introduced in the determination of/~ by con- 
sidering A constant are small. M.  O.  BROWN  AND  C.  V.  TAYLOR  491 
considering &// negligible compared with heat of activation, equation 
(20) reduces to 
, 
a  =  [y--~e.]  --  -k ~/ee--~  (21) 
where/~ and 3' are constants, each containing several unknown factors. 
Direct measurements of the viscosity coefficient, 7, have not been 
made on Colpoda, but very fortunately the variations of ~ with tem- 
perature in another small protozoan, Amoeba dubia, have been made 
by Heilbrunn (1929a,  1929b) by the method of centrifuging naturally 
occurring granules.  The  constant/~  has been  determined by  calcu- 
lating it for exact fit to Heilbrunn's curve at 17°C. and again at 20°C. 
(the reaction time is negligible at these temperatures) and then taking 
the mean of these two determinations.  The values of the constants 
In 3" and p  have been determined from the values of B  at 8  °, 9  °, 10  °, 
and 11  ° by the method of least squares.  Introducing these constants 
in the  equation  gives 
4.16  X  105'q  22~'644-38s.922 
12[y.e.]  =  B  +  e  er  (22) 
T 
and it is this curve that is drawn in Fig. 6.  The points are the average 
of B, and Bb of Table II.  The scales of log & as ordinate and 1/T as 
abscissa have been used since with these scales the data plot on straight 
lines if  a  chemical reaction is the limiting factor.  The time & is in 
minutes if  [y.e.] is measured in gm./liter and ~ is measured in poises. 
The  extraordinarily  large  value  of  220,000  calories/mole  for  the 
energy of activation  (equivalent to about 10 electron-volts per mole- 
cule)  for this  reaction between  the protoplasm and  the  excystment 
medium indicates that the activation probably involves several bonds. 
This is perhaps to be expected in biological systems where reactions 
may involve the very complex protein molecules and in this case may 
account for the stability of the encysted Colpoda. 
The  Arrhenius  plot  of  the  time for  the  excystment period  inde- 
pendent of the  concentration of the  excystment extract is plotted in 
Fig. 7.  It appears from inspection of this plot that there are at least 
two  different  reactions  involved  in  this  period  and  straight  lines 
have been fitted by the method of least squares to the 8 °, 9 °, 10  °, 11 °, 
12  °, 13½  °, and 15  ° points and to the 17  °, 20  °, and 23  ° points.  Above 492  KINETICS OF EXCYST~ENT 
25°C. the time for this period appears independent of temperature 
(the dotted line of Fig. 7).  The value of/z corresponding to the slope 
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FIG. 6. The log time  for excystment  processes dependent  on concentration  of 
excystment  medium  for unit concentration  of yeast extract, 1 gm./liter,  as a func- 
tion of reciprocal  absolute  temperature. 
of the line for the controlling reaction at temperatures below 15°C. is 
44,000  calories/mole  and  for  temperatures  above  15°C. is  18,000 
calories/mole. M.  O.  BROWN  AND  C. V.  TAYLOR  493 
That these values of ~ may be rather far from the true activation 
energies has been shown in an analysis of the case for two consecutive 
monomolecular reactions by Burton  (1935).  According to his anal- 
ysis, the ratio between the reaction rates would have to differ by a 
factor of 49 at two points under consideration for the apparent values 
of activation energy to be within 10 per cent of the true value.  In 
this case the ratio of the times for the separate reactions, taken near 
the midpoints of the two straight lines is only about 5 and according 
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FIG. 7. Arrhenius plot of time for excystment processes independent of the 
concentration of the excystment medium. 
to the analysis for consecutive reactions, the true values of/z could 
be of the order of 30 per cent from the observed values.  However, 
if the reactions are limited by catalysts or are not consecutive but 
linked so that  they run concurrently, the observed values of slope 
would give the correct activation energies. 
It is thought by Hoagland (1937)  from general considerations that 
there must exist controlling conditions so that the values of/~ truly 
characterize  the  individual  reactions.  He  gives  no  examples or 494  KINETICS  OF  EXCYSTMENT 
mechanisms of such systems and even goes so far as to write that "no 
simple mechanism will give sharp breaks." 
The value of 18,000  calories/mole is in the range found for many 
biological  oxidations  (Crozier,  1924-25;  Lineweaver,  Burk,  and 
Homer, 1931-32; Stier, 1932-33; Crozier, Tang, and French, 1934-35; 
and Hoagland, 1935) and since it is known that oxygen is required for 
the excystment process (unpublished data), it is tentatively assumed 
that this reaction is an oxidation.  If this is true, then the leveling 
of the curve at 25 ° may be due to the rate of transmission of oxygen 
becoming a limiting factor above this temperature. 
The Distribution of Excystment  Times of Individual Organisms 
As noted in an earlier paragraph, the distribution of the log excyst- 
ment times about the mean log excystment time is according to the 
normal distribution  in  all  cases.  The  mean  value  of  the standard 
deviation, ,,  for  each  temperature  and concentration is recorded in 
Table I  and plotted in the graphs of Fig. 8.  It is seen that ~ shows 
no consistent change with temperature except for temperatures below 
12°C. though diffusion time and reaction times both change through- 
out the entire temperature range.  The straight lines are the weighted 
averages for  all  temperatures above  12°C.  considering each test  of 
equal significance.  Each of the points which is shown on the graph 
may thus have a different weight. 
The type of distribution  u itself indicates that the principal factors 
causing  deviation  from  the  mean  act  throughout  the  excystment 
period, not during a part of it only.  Further evidence that the dis- 
persion is one of reaction rates rather than starting times is seen in 
that the diffusion time variations between 12  ° and 32  ° do not notice- 
ably appear in the curves for ~.  The break in the curves for ~  at 
12°C.  corresponds nicely to  the point at which with lowering tem- 
perature the reaction with an ingredient of the yeast extract ceases 
to take a negligible length of time. 
The concept which seems most consistent with these data is that 
the dispersion is principally dependent on the extent of the reaction 
between the excystment compound of the yeast extract and the proto- 
14 See footnote  5. M.  O.  BROWN  AND  C. V. TAYLOR  495 
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plasm.  This  reaction,  being one which depends on both the proto- 
plasm and its environment,  takes a  significant length of time only at 
temperatures  below  12°C.  and,  being  the  first,  could  influence  all 
excystment reactions. 
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FIG. 9.  Influence of yeast extract  concentration on deviations of excystment 
times of individual organisms from the mean log excystment time for the tem- 
perature range 12°C. <  o _< 32°C. 
As  the  yeast  extract  concentration  is  increased,  the  deviation 
becomes asymptotic to a value of about 0.03 (Fig. 9).  It seems prob- 
able that this minimum deviation is characteristic of the particular pre- M.  G.  BROWN  AND  C.  V.  TAYLOR  497 
paration  used  rather than of the excystment environment and could 
be lowered only by increased refinement of the encystment technique. 
DISCUSSION 
In this paper the redifferentiation of Colpoda duodenaria from the 
resting cyst to the free swimming protozoan is shown to be a process 
which may be divided into periods; the first, a  period dependent on 
diffusion through the protoplasm of some essential  substance from 
the  excystment medium followed by  a  chemical  reaction  with  an 
activation energy of 220,000 calories/mole; and the second, a period 
controlled by  two  reactions,  one with  activation  energy of  18,000 
calories/mole dominant above 15°C. and one with 44,000 calories/mole 
dominant below 15°C.  At the present time the chemical compounds 
involved in this process are unknown; however, a  generalized hypo- 
thetical  system of chemical reactions, consistent in every detail with 
the  chemophysical findings, is  proposed.  It is  suggested that  the 
first  reaction  with  220,000  calories/mole  activation  energy  is  the 
formation of an enzyme, that the reaction with 18,000  calories/mole 
activation energy is a catabolic oxidation, and that the reaction with 
44,000 calories/mole activation energy is an anabolic reaction, linked 
to the catabolic reaction for its energy requirement or dependent on it 
for some compound.  As long as this  production of energy or some 
essential compound is adequate, the anabolic reaction is limited by its 
inherent reaction rate  (a complex may be involved whose concentra- 
tion is a constant, that of some catalyst, possibly the above enzyme). 
Above  15°C.  this  condition is  not fulfilled  (the  catalyst  would be 
unsaturated and the concentration of the complex lower) so that the 
rate of anabolism depends on the rate of the catabolic oxidation. 
The  compound whose  diffusion into  the  protoplasm is  the  first 
controlling factor in the excystment process is possibly the essential 
ether  soluble  substance  partially  separated  from  hay  extract  by 
Thimann and Barker (1934).  They noted that the water residue after 
ether extraction  caused excystment  to  take  a  long  time compared 
with that taken when the ether fraction or the original medium was 
used.  This  water  residue may  be  assumed  to  have  only  a  small 
amount of the more ether soluble compound  so that it corresponds  to 
very dilute extract in diffusion time.  The rapidly diffusing compo- 498  KINETICS  OF  EXCYSTM'ENT 
nent,  Y2,  would then be the more water soluble  constituent of Tiff- 
mann and Barker's hay extract. 
The changes in  diffusion  time due  to  viscosity changes follow  a 
rather peculiar curve and the excellent fit of this viscosity-temperature 
curve inferred from diffusion to the curve found by Heilbrunn (1929 a) 
by direct measurement of the  time for sedimentation of naturally 
occurring granules in  centrifuged Amoeba dubia  checks this relation 
in small protozoa from different sub-phyla, viz., Ciliata and Sarcodina. 
It may be noted  that the fit would be still better if the curve were 
shifted by about 1.5°C.  It was suggested by Heilbrunn (1929a)  that 
the normal temperature environment may determine the position of 
the curve; his curve for Amoeba  dubia being shifted several degrees 
(of the order of 10°C.) above that for Cumingia egg (Heilbrunn, 1924) 
which would be accustomed to the lower ocean temperatures.  How- 
ever, a  -1.5  ° shift from that of Amoeba dubia  cultured at 18°C. to 
that of Colpoda duodenaria cultured at 20°C. is in the opposite direc- 
tion. 
The relation between the change in sensitivity to x-ray irradiation 
at  a  certain stage in  the  excystment process  (Taylor, Brown,  and 
Strickland, 1936) and the set of chemical reactions proposed from this 
study is not evident.  In the x-ray experiments the conditions were 
such that the first period, diffusion and  first chemical reaction, was 
complete in less than 10 minutes.  The shift in effectiveness of x-rays 
in delaying excystment came  at approximately 85 minutes after the 
start of excystment.  Hence though this phenomenon cannot now be 
correlated with the reactions that control excystment rate, the reac- 
tion between the protoplasm and the yeast extract is evidently not 
the  one  blocked  by  the  irradiation,  the  photosensitive  condition 
persisting until relatively late in the excystment period independent 
of the concentration of the excystment  medium. 
S~ ~LI~Y 
1.  Extensive experimental data  have been collected on  the  time 
required  for  the  excystment process  of  the  small  ciliate  Colpoda 
duodenaria  throughout a  range of temperatures of 8  ° through 32°C. 
and a  range of concentrations of yeast extract excystment media of 
0.08 through 22.4 gm./liter. M.  G.  BROWlq" AND  C.  V.  TAYLOR  499 
2.  The excystment process has been separated into two periods, the 
first inversely proportional  to the concentration  of the yeast extract 
and the second independent of its concentration. 
3.  The  first  excystment period  has  been  found  to  depend  on  the 
time for diffusion through  the protoplasm  of a  compound from  the 
yeast extract  and  on  the  time  for  a  chemical  reaction  with  the  ex- 
tremely high energy of activation of 220,000 calories/mole. 
4.  The  changes  in  viscosity  with  temperature  for  this  Colpoda, 
inferred from diffusion rate changes, have been found to be almost the 
same  as those found by Heilbrunn  for Amoeba  dubia  by the  direct 
method of centrifuging granules. 
5.  The  second  excystment  period  is  shown  to  be  controlled  by 
reactions whose apparent  activation energies are 44,000 calories/mole 
below 15°C.  and  18,000 calories/mole above 15°C.;  above 25°C.  this 
period is independent of temperature. 
6.  The distribution of the log excystment times of individual organ- 
isms about the mean log excystment time is found to  be independent 
of temperature  except in the range where the reaction  with  highest 
activation  energy takes a  significant length  of time,  and  to increase 
rapidly with decreasing temperatures in this range. 
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